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FINAL REPORT 

NASA G r a n t  #MsG-130-61 

Experimental and theore t ica l  s tud ies  on the  electrohydrodynamics of 

superf luid helium were the pr incipal  concern of the grant  supported research. 

Three technical  papers l i s t e d  immediately following have described i n  

d e t a i l  completed portions of t he  work. 

1. W e  J. Neidhardt and J. Fajans, "Electrodynamics of 
Superfluid Helium i n  Narrow Channels", phys. Rev. 
128, 495 (1962). (attached) 

J. K. Percus, "Macroscopic Modes of He 11, Proceedings 
of V I 1 1  I n t ' l .  Low Temp. Conf. (1962). (a t tached)  

2. 

3.  F. Pollock, "The Use of E lec t r i c  Fields  i n  the  Invest igat ion 
of the  Structure  of Liquid and Sol id  H e l i u m " ,  submitted 
as a research proposal t o  NASA i n  September 1961. (a t tached)  

Paper (2) i s  per t inent  t o  an understanding of the veloci ty  dependence 

of superf luid helium at pressure differences such tha t  f l u i d  flow i s  below 

t h e  c r i t i c a l  veloci ty  i.e., in t h e  absence of viscosi ty .  

Paper (3) is a research proposal wri t ten by the  physics Faculty a t  

Stevens. It  presents a theore t ica l  study of various ways i n  which e l e c t r i c  

fields a f f ec t  the s t ruc ture  of l iqu id  helium. 

constant of superf luid helium i s  examined as a function of pressure and 

e l e c t r i c  f i e l d ,  and an estimate is made of the  e f f ec t  of  e l e c t r i c  f i e l d  on 

I n  p a r t i c u l a r  the d i e l e c t r i c  

t h e  A t r ans i t i on .  

under the  act ion of externa l ly  applied e l e c t r i c  f ields.  

It describes t h e  motivation f o r  s tud ies  of t he  super f lu id  
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The unpublished work (previously reported i n  the  semi-annual r epor t s )  is 

summarized below. 

I. Construction of a new cryostat  and associated equipment f o r  measure- 

ments of c r i t i c a l  ve loc i t ies  and t h e  e f f ec t  of e l e c t r i c  fields on 

c r i t i c a l  flow w a s  i n i t i a t e d  and brought t o  n ine ty  per  cent  completion. 

Specif ic  elements of the apparatus which were completed are: 

A. Appropriate vacuum jackets ,  pumping systems and physical  supports. 
The extremely sens i t ive  manometer system necess i ta ted  i s o l a t i o n  
of t he  c ryos ta t  from vibra t ion  and prec ise  level ing.  

B. A var iab le  width flow channel i n  whfch support  of macroscopic 
f i e l d s  of s i x  t o  ten mi l l ion  volts/cm was ant ic ipa ted .  Two 
major improvements over the  channel reported on i n  refemnce 
(1) were: a) Provision of t he  ab i l i t y  t o  measure pressure 
d i r e c t l y  and accurately at  both ends of the channel; b) Doubling 
of the supported e l e c t r i c  f i e l d  s t rength.  

C. Remotely operable l i qu id  helium fill valves which could provide 
e f f e c t i v e  s e a l  t o  flow of superf luid.  

D. A l i q u i d  helium leve l  alpha-parlicl!a gage sens i t i ve  t o  less 
than one t e n  thousandth of a centimeter of helium. Coupled 
w i t h  a manometer, pressure d i f f e r e n t i a l s  smaller than one 
mil l ionth of a cm Hg might be detected with 8 measurement 
time constant of one second. 

E. Bridge c i r c u i t s  f o r  measuring -alpha-part ic le  ion iza t ion  currents .  

This construction representn a very subs t an t i a l  port ion of the  e n t i r e  amount 

of  e f f o r t  required i n  carrying through such an experiment t o  completion. 

11. Construction was completed and experimente i n i t i a t e d  on an apparatus 

for  focussing phonons i n  super f lu id  helium. The major support  i n  t h i s  

area w a s  t o  a doctoral  student for IWddng i2Phrative an apparatus 

-2- 



eighty per cent completed. 

4 
A simulated run was performed using He as the r e f r i g e r a n t  i n s t ead  of 

3 4 0 
He . The minimum temperature of  t he  H e  bath w a s  1.25 k. This was en- 

couraging s ince  the temperature estimated f o r  t h i s  experiment was 1.30 k. 

The temperature of t h e  experimental chamber w a s  0.99 k obtained from a 

H e  vapor pressure reading of 108 p .  This pressure,  if due t o  the H e  , 

0 

0 

4 3 

0 4 
w o u l d  produce a temperature of 0.47 k. But t h e  compress ib i l i t i es  of He 

3 and H e  

encountered a re  su f f i c i en t ly  d i f f e ren t  f o r  t he  i so topes ,  so tha t  an exact  

ca lcu la t ion  from these  results of t he  expected H e  temperature i s  

are not the same i n  t h i s  temperature range, and the heat leaks 

3 

impract ical  . 
3 However, s ince  the estimated He temperature f o r  the experiment 

i s  between 0.45 k and 0.5 k these r e s u l t s  have l ed  t o  the  preparat ions,  

which are now being completed, f o r  an ac tua l  run using He 

0 0 

3 as t he  re f r igerant .  

The helium 4 pumping system f o r  both experiments I and I1 i s  i l l u s t r a t e d  

i n  Figure 1. I n  prac t ice  an experimental chamber is immersed i n  t h e  helium 

bath and supported by appropriate vacuum-tight tubing coming out  through 

the  top  of t h i s  dewar.  

Figure 2 i s  a photograph of parts A,  B, and C of experiment I. 

Figures 3, 4, and 5 &re photographs of experiment 11. The one inch 
0 

fonnica disk i n  Figure 4 supports two opposite 90 

0.015 inches thick and 1.4 x 10 

a rcs  of carbon each 
-3 

square inches i n  area. The carbon 

electrodes a c t  as the  phonon source and the  phonon receiver .  This d i s k  



with i ts  carbon-face down, screws onto the  brass  cup on t h e  

r i g h t  which houses the  fused quartz  concave focussing mirror. 

The mirror  moves through a 5 degree a r c  by means of t he  electro-  

magnet shown i n  Figure 3. The brass  cup f i ts  ins ide  t h e  cy l indr i -  

c a l l y  shaped copper experimental chamber, t o  i ts  r igh t .  The wires 

shown hanging from the  base of  the He c i r cu la to ry  system are connect- 
3 

ed by s i l v e r  epoxy t o  brass r i v e t s  on the  non-carbon s i d e  of t h e  

formica disk. Ground connections are made t o  each carbon electrode.  

The copper chamber is  soldered t o  the  copper base of t h e  s t a i n l e s s  

steel  H e  system, and the  brass vacuum jacket  on the  extreme r i g h t  
3 

of  the  photograph encloses t h e  experimental chamber. Figure 5 is  a 

closeup of t h e  base of the H e 3  r e f r ige ra t ing  system. 

monel cap i l l a ry  ( I . D .  = 10 m i l s )  t h r o t t l e s  t h e  compressed He 

The winding 
3 

i n t o  

the  half-inch s t a i n l e s s  s t e e l  tube. Each of t he  two binding pos ts  

connect a 1 m i l  t e f l o n  coated wire, which comes down through s i x  

feet of monel cap i l l a ry  (I.D. = 10 m i l s ) ,  t o  one of the  two carbon 

electrodes.  

i n t o  t h e  experimental chamber. The ends of these  monel c a p i l l a r i e s  

These two monel c a p i l l a r i e s  a l s o  carry the  helium 4 

are seen between the  binding posts  i n  Figure 5 and t o  t h e  l e f t  of the  

binding posts  i n  Figure 4. 

Technical personnel engaged i n  grant  a c t i v i t y  and supported by 

grant funds w e r e  Professors J. Fajans , J. K. Percus , and F. Pollock 

and graduate s tudents  W. J. Neidhardt and C. Rosen. Neidhardt received 

a Ph.D degree i n  1962. Rosen continues research on a doctora l  dissertation 

a t  t h e  t i m e  of wr i t ing  of t h i s  f i n a l  report .  
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A l i q u i d  helium f l o w  regulator which has no moving p a r t s  was in- 

vented during the course of t h e  work, 

described i n  the  paper (1). 

The p r i n c i p l e  is subs t an t i a l ly  

SUMMARY 

Grant funds supported 

a. Research f o r  the three  papers c i t e d  above. 

b. Construction of apparatus f o r  two new l i q u i d  helium researches 
d i f f e ren t  from the  research described i n  + 

C. Invention of a new type of l i qu id  helium flow regulator.  

d. Two graduate s tudents  one of whom received a Ph.D degree. 

Copies of papers c i t e d  

-5- 



I (SAFETY VALVE I 
I 

VIBRATION 

DAMPER 

FLOW METER 

OUTLET VALVE 

HERMOCOUPLE 1 
GAUGE 

‘KINNEY KC-IS 
HIGH CAPACITY 
VACUUM PUMP 

VACUUM JACKET 
OUTLET VALVE 

DIBUTYL PHTHALATE MERCURY MANOME 

[NITROGEN DEWAR 
7 f ° K  

TER 
MANOMETER. SPGR.= 1.045 

FIGURE I 

SP GR. = 13.6 

SMALL VACUUM PUMP 

BLOCK DIAGRAM OF HELIUM PUMPING SYSTEM 









I 
1 



1. I 
I 
I 

Reprinted from THE PHYSICAL REVIEW, Vol. 128, No. 2, 495-502, October 15, 1962 
Printed in U. S. A. 

I 
I 
1 
I 
I 
I 
I 

Electrohydrodynamics of Superfluid Helium in Narrow Channels* 
w. JIM NElDHARDTt AND JACK FAJANS 

Skuens Inslilulc oj  Technology, Hobokcn, N t w  Jersey 
(Received June 8, 1962) 

The flow of superfluid helium from a liquid reservoir to vacuum through a 10-6 cm channel, which was 
enhanced tenfold by an electric field of 3x100 V/cm when a phase boundary occurred within the channel, 
was unaffected when the boundary moved past the channel and field. Superfluid flow at subcritical velocity 
given by r-ro=j(T)V*, when increased to critical flow under the influence of electrostrictive pressures 
wasgiven by r = [ P . / p ] [ 9 ( T ~ ) / 9 ( T ) ] K " + [ P , / P ] ~ I ,  with r a n d r o  the flow with and without applied electric 
field, V the applied voltage, T the temperature, p I  and p I  the normal and superfluid densities, p the total 
density, 9 the viscosity, and K, and K. flows obtained from normalization of data. A coincidence was noted 
between a maximum at 2.08"K in the relative flow and an already reported maximum at 2.10"K in thermal 
boundary conduction. Any shift in the X point induced by a macroscopic field of 1.5X10° V/cm was less 
than 0.02"K, but displacements as great as 0S"K were induced by use of very fine channels. 

INTRODUCTION 

ELIUM transport under the influence of electric H fields may appropriately be termed electrohydro- 
dynamic in the instant investigation, since electrostric- 
tive forces and forces derived from dielectric gradients 
substantially altered the field free flow pattern. The 
origin of the net electrostrictive forces and dielectric 
gradients was a liquid-vapor interface in the strong- 
field region of the narrow channels which were used. 

A number of earlier related papers may be cited. The 
work of Giauque et al.' had characteristics similar to 
those of our field-free flow, and extensive work has been 
carried out on field-free flow with liquid-helium reser- 
voirs a t  both ends of the channel (i.e., without an in- 
terior phase boundary).'-' 

Dielectric breakdown at fields of lo6 V/cm was es- 

*This work was made possible through support provided by the 
Office of Scientific Research, U. S. Air Force, and the National 
Aeronautics and Space Administration. 

t Present address: Newark College of Engineering, Newark, 
New Jersey. 

W. F. Giauque J. W. Stout, and E. R. Barieau, J. Am. Chem. 
Soc. 61, 654 (19391. 

'J. F. hlkn and A. D. Mkner, hoc. Roy. Soc. (London) 
A172,467 (1939). ' R. Bowers and K. Mendelssohn, Proc. Phys. SOC. (London) 
A63, 178 (1950); Proc. Roy. Soc. (London) A213, 1% (1952). ' K. R. Atkins, Phil. Mag. Suppl. 1, 169 (1952). 

tablished by Blank and Edwards6 for stationary liquid 
helium between spherical electrodes 0.15 mm apart ; 
nevertheless, in the present experiment fields of 3X 10' 
V/cm were employed. 

McCrum and Eisenstein6 have suggested that boun- 
dary fields alter the superfluid behavior of liquid helium 
in films and fine channels. The lowering of the X- 
transition temperature in the flow of unsaturated super- 
fluid film' and of liquid in fine channels8 may be caused 
by intense electric fields a t  the liquid substratum 
boundary. 

EXPERIMENT 

The amount of helium flowing from a liquid reservoir 
through a syperleak, Fig. 1, to an evacuated chamber 
a t  room teniperature was obtained by measuring the 
collected gas. The flow channel was the space between 
the stainless steel and fluorlin arising from submicro- 
scopic imperfections in the surfaces which persisted 
after compression of the assembly by a spring. A poten- 

C. Blank and M. H. Edwards, Phys. Rev. 119, 50 (1960). 
IN. G. McCrum and J. C. Eisenstein, P h p .  Rev. 99, 1326 

' E. Long and L. Meyer, Phys. Rev. 79, 1031 (1950); 85, 1030 

K. R. Atkins, H. Seki, and E. V. Condon, Phys. Rev. 102,582 

(1955). 

(1952). 

(1956). 
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STAINLESS STEEL 

+ 
FLUORLlN FILM 

FIG. 1. Representation of components of flow channel before 
compression by a spring (not shown) to 600-950 psi. Electric field 
was confined substantially to the region designated. Flow occurred 
through a channel 1Ck' cm thick between the fluorlin film and the 
stainless-steel surface. 

tial difference of 0-8000 V dc applied across the fluorlin 
film between the annular optical flats produced fields 
up to 3X106 V/cm in the helium channel. The electro- 
static attraction between the flats, which was usually 
less than 3% of the spring force and always less than 
10% of it, affected the channel size slightly. 

The flow rate r in atoms per second was computed 
from 

r = ( U / m )  ( A P / A ~ ) ,  (1) 
where Y, T ,  and AP/At  were the volume, temperature, 
and rate of pressure rise of the collection chamber, and 
K is Boltzmann's constant. A macroscopic electric field 
E was computed from 

E= (V/~)(KF/KH), (2) 
under the assumption that the fluorlin film thickness, 
d=5X 1cT cm, was much greater than the helium chan- 
nel thickness, 1 0 - 6  cm. V was the applied voltage, 
K F =  2.0 the dielectric constant of fluorlin, and KII= 1.05 
the dielectric constant of liquid helium. The macro- 
scopic field E was indicative of the microscopic fields in 
the channel. 

Electrostriction 
Following Stratton's9 presentation, the force per irni I 

' J. A. Stratton, Elcdromagdc T h r y  (McGraw-Hili 'Book 
Company, Inc., New York, 1941), pp. 137-151. 

volume exerted by an electric field on a dielectric fluid 
is 

where 7 is the mass density. The first term is significant 
for an inhomogeneous dielectric ; the second is referred 
to as the electrostriction term. Using the Clausius- 
Mossot ti relationship 

f = -+COEVK+$ e o ~ ( P i d ~ / d z ) ,  (3 

(K-l)/(K+2)=CT (4) 
to give the dependence of K on T, (3) becomes 

f=-$€@vK+*€Ov[E(K- 1)(K+2)]. (5) 

In equilibrium the electric body forces ( 5 )  acting on 
a fluid are related to the pressure gradient VP by 

v P =  -&@vK++~ov[k?(K- 1)(K+2)]. (6) 

Figure 2 (a) depicts helium flowing from a reservoir of 
liquid 1 through a channel of length 1 and thickness t 
to a region of vacuum 4. A liquid-gas interface demar- 
cates the liquid 2 in the channel from the channel gas 3, 
and an electric field is applied along the entire channel 
length . 

Integration of Eq. (6) leads to the equilibrium pres- 
sure distribution shown in Figs. 2(b) and 2(c). In Fig. 
2(b) the effect of the electrostriction term is broken 
nto three parts: AP1&6) the change a t  the channel en- 
trance, AP#) the change a t  the interface, and AP,,Ca) 
the change a t  the exit. The effect of the VK term a t  the 
interface is designated AP23('). P,+Ak gives the sum 
of vapor pressure and gravitational (hydrostatic) pres- 
sure, and AP'=APlz(') .  

In Fig. 2(c) the total pressure is plotted, and the 
slight dip shown a t  the interface is computed on the 
basis of constant field strength. In the actual experi- 
ment, the electric field in the gas channel was slightly 
greater than the field in the liquid channel with, cor- 
respondingly, a small increase in pressure a t  the inter- 
face, Figures 2(b)-(g) represent only the fluid pressure 
distribution and do not display electric or thermo- 
mechanical body forces. 

For an applied potential difference of 4000 V which 
gave rise to a macroscopic field E=1.5X106 V/cm, 
A.PI2(*) was 36 mm Hg. The quantities AP23(#) and 
Apen(') were also approximately this size ; the pressure 
dip at  the interface in Fig. 2(c) is exaggerated. 

Procedure 
The pressure in the collection chamber, measured with 

an Alphatron gauge was plotted as a function of time 
for a given temperature and value of electric field, and 
the flow rate was determined from the slope in the linear 
region of this plot with Eq. (1). When the time interval 
of collection was sufficiently long, the pressure in the 
collection chamber reached a limiting value equal to 
the vapor pressure.of Lhe bath liquid for all electric 
fields and channel sizes. 
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FIG. 2. Pressure distributions in channel with liquid-gas inter- 
face and macroscopic electric field. (a) Portrayal of channel. 
(b) c?mpnents of rqsdibrium pressure induced by field; (c) totd 
cquilrbnvm p r c ~ ~ r c  induced by &Id; (d) field-free p ~ u n  dir- 

A typical now measurement below the h point re- 
quired 13 min. During this interval the pressure in the 
collection chamber rose to 800 p Hg and the bath tem- 
perature was controlled to 0.002’R. Flow measurements 
a t  a given temperature anti field were always repeated, 
and most measurements were taken in order of either 
ascending or descending temperature. 

RESULTS 
The channel thickness t for size A (discussed below) 

channels was estimated from measurements of air flow 
a t  T=293’K. The linear rise of flow with pressure 
differential observed experimentally was indicative of 
Knudsen flow, and f was found to be 3X 1W6 cm on the 
basis of flow between parallel planes. 

From the data in the temperature range 4.2’K to the 
h point another estimate of the channel thickness was 
made. The pressure distributions of Figs. 2(d) and 2(e) 
follow from the assumption of laminar liquid flow from 
the channel entrance to the interface and “slip” flowlo 
in the gas from the interface to the exit. The pressures 
a t  the interface were calculated for the temperature 
range from the various measured quantities-flow, en- 
trance pressure, etc.-with an assumed value of channel 
thickness. 

The most plausible set of interface pressures rather 
sharply defined 1.2XW5 cm as the thickness of a size 
A channel. The pressure a t  the interface was lower than 
the bath vapor pressure because of the evaporative 
cooling a t  the interface as well as the dynamic or non- 
equilibrium flow condition. To the viscous loss in the 
field-free liquid flow was added essentially all of the 
electrostrictive pressure AP@ when the voltage was 
applied. The discrepancy between the two determina- 
tions of thickness was most likely due to the inadequacy 
of representing the channel as a pair of parallel planes. 

Superfluid Flow 
Classification of channel size by the magnitude of the 

flow rate as in Fig. 3 led to a rough correlation of flow 
characteristics with and without applied electric 
field. From the size of the largest class A (maximum 
ro= 2 X 10”) to the size of the smallest class D (maximum 
rO=0.3X lola), the pressure exerted on the fluorlin 
film by the annular optical flats varied from 600 to 
950 psi (r0 was the field free flow). 

The maximum in l’, exemplified in Fig. 3, was most 
pronounced for channels with the largest flow rates. As 
the channel decreased in size the maximum appeared 
at  lower temperatures; for the smallest channel size the 
maximum was not reached even at 1.30°K, the lowest 
temperature attained. 

‘0 R. D. Present, Kinclic Theory o/ Guscs (McGraw-Hill Book 
Company, Inc., New York, 1958), p. 63. 

tribution in $o*wiug normal fluid; (e) distribution in $owing nor- 
mal fluid with 1.5x10“ V/cm; (f) field-free distribution injoun‘ng 
BU rfluid; (8) distribution in frowing superfluid with 1.5XlW 
V&. 
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FIG. 3. Superfluid flow in channels of various 
sizes with and without field. 

Figure 4 shows a maximum in the relative increase 
in flow rate (r-ro)/I'o for V= 4OOO V near 2.08"K. The 
maximum appeared a t  this temperature for all applied 
voltages, Fig. 5, and was quite pronounced in the larger 
channel sizes. However, for channel size D it was not 
observed a t  any temperature. Perhaps by no more than 
a coincidence, a maximum in thermal conduction from 
a wall to superfluid has been noted a t  2.1"K by White 

uo 1.70 ey) 

T P K l  

FIG. 4. Relative flow augmentation in channels of 
various sizes for field of 1.5X lo-' V/cm. 

8 

6 

i 
L 5 ,  

2 

n 

T I * * )  

FIG. 5. Relative flow augmentation in a size A 
channel for various fields. 

et ~ l . ' ~  and by Andronikashvili and Mirskaia.I2 The flow 
was tenfold enhanced in some size A channels by a 
field of 3X lo8 V/cm. 

Critical Velocity 
The saturation values of I' evident in the plots vs 

temperature and voltage presented in Figs. 6-8 are at- 
tributed to the superfluid's attainment of critical 
velocity" at high fields. At low fields the superfluid 
velocity was subcritical. That the liquid-gas interface 
eventually reached the channel exit is attested to by 
the maxima of Fig. 6 and by the ineffectiveness of the 
field in the low-temperature region. The crossed curves 
of Fig. 8 also manifest this. 

3 
I l l l l l l l l l  

- " 
% 2  

- 
L 

0 1  

0 
2.30 1.30 t.50 1.70 1.90 2.10 

FIQ. 6. Flow in an A channel for various fields. 
T1.K 1 

D. White, 0. D. Gonzales, and H. L. Johnson, Phys. Rev. 89, 

E. L. Andronikashvili and G. G. Mirskaia, J.  Exptl. Theoret. 

UK. R. Atkins, Liquid Rclium (Cambridge University Press, 

593 (1953). 

Phys. (U.S.S.R.) 29, 490 (1955). 

New York, 1959), pp. 88-91, 198-201. 
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Giauque, Stout, and Barieaul observed similar results 
for exheriments where the entrance of a channel of 
width 10-4 cm was in liquid helium and the exit con- 
nected to an evacuated chamber. Their results, also, 
can be explained by assuming that a t  the lowest tem- 
peratures the liquid-gas interface moved past the exit of 
the channel thereby causing the flow rate to drop. 

In the region of subcritical velocity I'-I'o was found 
to be proportional to Vn, where n=2.0f0.5 (with ex- 
treme variation in n given). Figure 9 shows a log plot 
for a run representative of channel size A.  No correla- 
tion between n and channel size was found. Each size, 
possessed high and low values of n, although n was con- 
stant during the run of any particular day. 

Below the X point the large rise in flow a t  zero field 
with decreasing temperature was due to the superfluid 
contribution to liquid flow. If it had been flowing at  

0 lo00 3000 Moo 7000 VIVOLTS) 

FIG. 7. Flow in a C channel for various temperatures. 

critical velocity which is almost independent of tem- 
perature, the resulting flow rate would have been given 
by 

r = (P./P> (L/M)PA uo (7) 
where A is the cross-sectional area of the channel, L is 
Avogadro's number, M is the gram atomic weight of 
helium, u. is the critical velocity, p.  is the supemuid 
density, and p is the density. 

Actually, I' increased more slowly than p,/p with de- 
creasing temperature, indicating that the superfluid was 
flowing below critical velocity. This smaller flow may 
be attributed to the retarding thermornechani~al'~ pres- 
sure, which arose from the temperature differential 
created by the evaporation of liquid inside the channel. 

Frits London, Suw vids (john Wiley 8 Sons, Inc., New 
York, 1954), Vol. XI, p. 16: 
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FIG. 8. Flow in an A channel for various temperatures. 

The magnitude of this pressure was 

where S is the entropy per gram, AP was the pressure 
AP= &AT, (8) 

IO00 Moo Ma) ma, 3ooo v~voLlsl 

Fm. 9. Flow in an A channel for various temperaturn. 
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FIG.  10. Critical flow in channels of various sizes. (a) Size A channel at 3.0X 10' V/cm; (b) Size B channel at 2.5 X lo6 V/cm; (c) Size 
C channel at 2 . 0 ~  10' V/cm; (d) Size D channel at 1.5X10' V/cm. 

difference in the liquid between the entrance of the 
channel and the liquid-gas interface, and AT was the 
temperature difference between the bath fluid and the 
liquid-gas interface. 

The thermomechanical pressure prevented the super- 
fluid from penetrating the entire channel and flowing 
past the exit. The length of channel occupied by gas and 
the pressure drop in the gas were appropriate for the 
flow rate. The field induced flow wda a second strongcr 
indication that the penetration of the entire channel ex- 
pected from the absence of superfluid viscosity and the 
net pressure acting on the liquid did not occur. 

inferu,aces from the ObGurreiice of an Inlcrnal Interface 
A flow increase proportional to the square of the elec- 

tric field was deduced from the occurrence within the 

channel of the liquid-gas interface. The additional 
thermomechanical pressure, AP', necessary to counter- 
act the electric pressure [cf. Fig. 2(g)] acting on the 
liquid resulted from the cooling of increased evapora- 
tion. From an assumption that the additional field- 
induced temperature difference AT' between the bath 
and the liquid-gas interface was given in analogy with 
(8) by 

pSAT'= A€''= Al'l~('' ( 9 )  

an additional proportional amount of heat flow to the 
liquid in the channel was associated with AP:&*). The 
rate of helium evaporation or the net mass flow was 
proportional to the heat flow to the iiquid in the cliailnel. 
Thus, A P : P ,  which was proportional to E, caused the 
temperature difference between the liquid-gas interface 
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and the bath to increase by AT' with a proportional in- 
crease in mass flow. 

Figures 2(f) and 2(g) show flow behavior a t  T =  1.4"K, 
where only an 8% concentration of normal fluid was 
present to create liquid losses. When a voltage was ap- 
plied electrostriction caused a sharp rise in pressure 
near the channel entrance. The pressure barely changed 
over most of the liquid region since no losses occurred 
in the superfluid flow and the amount of normal fluid 
present was small. Near the liquid-gas interface a sharp 
drop in pressure was closely compensated by a thermo- 
mechanical pressure gradient. 

In  recapitulation, from the observation that the liquid 
did not penetrate the entire channel it was argued that 
an electrostrictive pressure proportional to V 2  induced 
a commensurate augmentation of the flow rate. The 
deduction was in accord with the second observation 
that 

r - ro= f( T )  v 2  (10) 

below the X point. Further, a t  high values of electric 
field the flow remained constant, the superfluid then 
being driven a t  critical velocity. 

In Figs. lO(a)-(d) some conjectured curves of r vs 
T a t  the highest values of applied field have been plotted 
which follow from these presumptions : 

(a) The highest field drove the superfluid to critical 
velocity and the flow of superfluid was governed by 

Fa= (UM) ( p a / p ) d  uc= (palp)K*,  (11) 

with the critical velocity assumed independent of 
temperature. 

(b) The flow of normal fluid was proportional to the 
normal fluid density, inversely proportional to the 
viscosity 7, and given by 

r n =  (Pn/P)[I) (Th)/7 (T)]Kn,  (12) 
with variable pressure drop and length of liquid in the 
channel neglected. 

From (11) and (12) the theoretical curve became 

r= rn+rS = (pn/p)[v (Tx>/v (T)]Kn+ ( p a / p ) K a .  (1 3) 

Kn and K ,  were determined for a particular channel by 
normalizing from two points on the experimental curve. 
For channel sizes A and B a good fit was obtained be- 
tween Th and 1.90'K where r began to decrease, i.e., 
where the liquid had reached the channel exit. 

In channel size C the theoretical curve agreed with 
experiment in the temperature range 1.95 to 1.60"K. 
The applied field was smaller than for channel sizes A 
and B and was not driving superfluid to the critical 
velocity over the whole temperature range. In channel 
size D experimental points fell below the theoretical 
ones in the temperature range 1.30'K to Tx.  The ap- 
plied field, which was smaller still, was insufficient to 
drive the superfluid to critical velocity (field was 
limited by dielectric breakdown). 

T ( ' I 0  

FIG. 11. Field-induced flow augmentation compared 
with conjectured normal fluid flow increase. . 

K, ,  determined from the experimental data, made pos- 
sible the calculation of the critical velocity. From ex- 
perimental data for channel size A ,  K, was found to be 
3.8X 1OI8 atoms/sec and uc to equal 7 cm/sec with the 
channel thickness taken as 1.OX 1W6 cm. Atkins4 re- 
ported the critical velocity of superfluid helium in a 
powder packed channel to vary from 13 to 3 cm/sec as 
channel size varied from 1 t 6  to 4 X  lW4 cm. 

That the electric pressures affected both the normal 
fluid and the superfluid may be seen in another way. If 
the field had affected only the normal fluid, r-ra would 
have been proportional to (pn/p9)Vz. For a leak repre- 
sentative of channel size A Fig. 11 compares this func- 
tion with flow increment at  fixed voltage, with the value 
of r-ro at  the X point used as a reference. The surmised 
increase in flow of the normal fluid could not alone ac- 
count for the actual one. 

Displacement of the Transition Point 

Experiments with an applied field of 1.5X lo6 V/cm 
( V  =4000 V) to determine whether the X point was 
shifted by electric field, are typified by the data of Fig. 
12. A diffuse X transition is indicated in the flow rates 
with and without field. From the data for variouschannel 
sizes, some showing the transition more sharply, it was 
concluded that a field of 1.5X106 V/cm shifted the X 
point less than 0.02"K. Interpretation of the data was 
complicated by the interface temperature, which was 
several hundredths of a degree below the bath tem- 
perature and depended on the applied field strength. 

.4 nomalous Flmu Behavior 

In a group of channels smaller than class D no tlow 
was observed as the liquid-helium bath was initially 
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FIG. 12. Flow near the X point in an A channel. 

cooled from 4.2'K to a temperature below the X point. 
After the sudden onset of flow a t  a temperature which 
ranged from 1.9 to 1.7'K, a normal pattern was observed 
throughout the entire temperature range. That is, flow 

occurred above the X point and increased sharply below 
it. 

Summary 
In addition to the pressure gradients, gravitational 

forces, and thermomechanical forces ordinarily en- 
countered in liquid-helium hydrodynamics, body forces 
of electrostrictive origin were present and dominant in 
this work. Superfluid flow at less than critical velocity 
was brought to flow at critical velocity, as long as part 
of the flow channel was filled with g3s, by electric pres- 
sures which affected both the normal and superfluid 
components of the liquid. The apparatus may be con- 
sidered to be an electrohydrodynamic flow regulator. 
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2.  

Intrduetion 
Excitations of many-body systems run the ganiut from individual 
or one-particle niotions tocollective modes in which the particles 
dl move in unison. I t  is  the purpose of this note to show how 
knowledge of the low-lying individual levels of a many-boson 
system. i.e. H e  11. yields quite detailed information on the 
character of the high-lying macroscopically describable levels. 

Free-particle States 
A n  interactionless system wil l  serve as prototype. The ground 

state for II particles in a unit periodic box i s  then simply #,, = 1, 
’and we niay contemplate two complementary types of excitation, 

41 = r rx (x r )  (1) 

4 2  = XI X(X0 (2) 
(which are solutions of the N body problem if x satisfies the one- 
body Schrodinger equation). Since tl ie local velocity and mass 
density are given by 

0) = Re<C &x -x,) P,>/P(x) (3) 

p(x) = tn<C 6(x-x,)> (4) 

it follows that in case (2). writing x(x) = 
where jf(x) dx = 0, so that normalization requires 

y+n- I / ’  fTx) 

p,(x)u(x)/ir = IrIm[(l- I / i r )  $/*Vfdx+ir-l‘zy*VJ(x)+ 

+ t r l / *  (X)V/(X)] 

The principal contributions arise from the k = 0 *round state, 
emphasizing the one-body excitation character of j2. 

On the other hand, in cise ( I ) ,  a l l  I I  bodies are correlated. I f  
x(x) = ~ + f ( x ) ,  requiring once more iy12+ j 1 f Izdx = I for 
normalization, we find 

P I ( X ) / N I / I  = 1x(x)12 = Iy+/(x)IZ 

91 (X) 

pl(x) u,(x)/tr = h lm [y* V/(x)+/+(x) V/(x)l 

= Q/m)  Im IVx(x)/x(x)l 

or 

the elfcct of the deviation from uniformity being markedly 
iiiiginented. 

Sound Waves 

p -i hk, 
tion of a pldne sound wave would correspond to 

ll‘ the sirylr: particle nionientuin-wergy relation is given by 
z= hwJ= K k1/2tn for consistency with (311, propagci- 

f(x) = A exp i(k. x - wL f )  

AI weak amplitude, the phonon excitation or second sound is 
then given by 

~~(X)//II/I =a 1 +211-”* A ~ o s ( k . ~ - w , f )  

M%(X) A COS (k . X - U k  1)  = (h/tt~)/t - 

with group velocity “k = LJw,,/%. The  bulk compression or first 
sound now d i h s  only by tlie replacement of 1 1 - l ’ ~  A by A. 
Thus at zero temperature. bulk properties of first and second 
sound are indistinguishable. 

At teniperaturc 7’> 0, the situation i s  altered. If we try to 
create a compression wave by the one-particle wave ftrnctioii 

exp i(s.x - w8 f )  -<  exp i (s .  x - w,/)( 1 + A  expi [k.  r - 
replacclnen t 

-. -f k - w.) 11) (8) 
then indeed the mwroscopic occupation i \ t  s = 0 procwtts l i t  
rcro tet1ipcr;iture f irst or second sound velocity ‘‘k = i h k / h k .  
I lowcvur, the renu\ining wave vectors hnve cl\’cclive frequency 
w,, , -mu. For il spccirum = t k ,  the pciik of the tliernlal 
~ 0 s ~ :  LiislribLitioii occurs a t  P.- h ’ I ‘ / h V .  Since li < i except for 
W;IV~J~II~I!IS of tlic order of ntomic spacing ur tetiipcraturcs of 
microt~egices, tlien, its ii qualii;rtivc itssessnlclit, tile r.111.s. 
valt~c of W ,  , ,, -w* itiinictliirtely shifts f r ~ t l l  ctk ;it y*=: 0 it) - ok/31”  for ?’> 0; ihc f i rs t  Siwid vclucity docs likewise. 

I Iyclrotlyrm~ic hlodcs 
1x1 us e:x;iniinc the bulk motions givcn by (I). Assunling the 

ow-body quat ion  - Oi*/2n1) V z x +  u (x )x  = ihx, the fluid Ii1;Iss 
and nion1cniiini cotiscrvntion laws 

} (9) 
P+V.@U) = 0 

u - t u . ~ u + ( l / r , l ) F I U - p - ” ~ ( ~ ’ / ~ , , l ) v ~ p ” ~ )  = 0 

readily follow; - p-”’(~t2/2,~~)v2p112 is an emcfective quantum 
mechanical potciitral, tending to explode ;Iny localization of 
dcclsity. The flow pattern of (I) is cliariicterizcd by tlie infinite 
singularitics of u. arid these. according to (6),  correspond to tlie 
nodes of x. The basic non-singular flow i s  given by x = exp j k .  X, 

whcnce u = /ik/ni, a ‘moving state’ of uniform velocity. An 
extension i s  the sound wave tind volume counterflow previously 
considcrcd. 

I f  Rc(x) and Ini(x) vanish simultaneously at only a point, a 
point singu1;irity in the ilow appears; in the absence of symmetry, 
this i s  an exceptional case, as i s  that of a stationary point u = 0. 
But Rc(,y) and Im(X) wil l  usually vanish together on a line. The 
standard line singularity i s  a vortex, typcfied by a local depen- 
dence x = x i -  iy, leading to 

u = (Tr /r , r )  ( - y , x , O ) / ( A z  +yZ) = (h/tIl) J/r 

For example, a free particle wave function sin2lrx+isin2ny inn 
periodic box produces a quartet of vortices; since pcc xz +yz .  the 
fluid hinetic energy remains finite. Infinitely rapid oscillations 
can also yield a line singularity without vorticity, e.g. 

x = exp[i(x’+f)-l] 

implies ua (x,y,0)/(x2 +y2)’, but these wil l  not be of interest. 
Finally, surface singularittes do not occur, but nulls do, either at 
real bound;iry surfaces or internal stagnation surfitces. In 
general, however, surface eKects are best ticaied by a distortion 
engendered by a momentum-depetident generaliration of x. 



Applicatioii tu He I1 A = ( i r r / h ) # -  4i lnp (15) 
The foregoing extends with surprising ease to interacting for real 9 illid ,j. illlngiliary alld real I>arts of (14). and 

Bose Systems which for the sake of simplicity wi l l  be taken in the al,l,lying ,lie grildicl,t to tllc sccol,d of tl,cse slid to (IS), we tiave 
ground state. If $,, is the uniforiii ground state, we follow (I) 

* = (expi 2: NX,))$" (10) 

where A is a complex function of t h e  its well as position. A n  
imnediate consequence of (3) i s  that u(x) = Re(h/irr) VA(x); the 
expression for p(x) i s  less explicit. We now assunie that low- 
lying modes arc well represented by oscillations of the Fourier wl,icl, gcncralizcs (9) &tween and k ing  tailored 
componentsofth~nlatt~rd~nsit~,(/, = X c x p i k . x i  at frequencies to convert t~ie first of ( I  6 )  to m i s s  conscrviition]. 
Wk, so that the ground state wil l satisfy 'l'hc ckissifcation of hydrodyn;uiiic niodes proceeds jus t  i is  in 

(, I) the interactionless cilsc, with the correspondence x = expA. 
4k $0 = jWkyh #O A singlc-0alucd velocity potential 4 necessarily produces n 

Further, i n  the absence of viscosity, shear niodes propagate ' curl-frcc velocity field. However A niay be multi-valued in units 
freely rather than oscillate, SO that the transverse nionienta of 2 ~ ,  and hence 4 by I r / i r r .  A singular line of multi-valucdness 
annul $,,: thus gives rise to a vortex whose strength must be quantized in 

(12) 
units of h/irt. The density field is then detcmiined froni (16) by 

, the spcctral operator G (with kernel - 4rrrc/8x2 for constant 
i kxp ,exp ik .x ,$ ,  = 0 

phonon velocity c) and recovers its unifori i i  vuluc within atoniic 
djniensions. 

2: [pIJC4 +[W P,] Ibo = (Wi) 2: GVJ'(x,) $i, Ucgencriition of steady How into vortices is presum;ibly the 
where G[(x) = C (2ir1wk/hk2)l;c expik. x (1 3) mechaiiism for damping sulxxllow above critical velocity, and 

h f U  the velocities obtiiined kineiiintically for simple geoinetries from 
for 'arbitrary' f, But now consider the Schrodinger equation , the above ,dcscriplion iire at least ytialitiilively correct. I t  niay 
with external field as well: also be conjectured that the iiitttire of the A-point transition is 

duc principiilly to an equilibriuiii of quasi-stationary quaiitired 
vortex modes; unlike those i n  the non-interiicting case, they are 
not even iii principle coinbinirtioiis of highly excited phonon 
liiodcs, hut rather constitute ii (IuiIlitiIlively new brallcli of the 
spectrum. 

This work is .wpporiiv/ iii priri by the U.S. Aiurtric* Eitwqy 
Coiirnrissioir. Tlw iitvcsI&tioir iviis iirili~ricd bv J. K .  Ycrc.rc~ iir 
the Syiiposiiiirr oii the Mciiry-IMy P r o b h .  irricrsciiwe, (iir 
press), rord iir N. A.S.A. Siiwirs lirsiifitrr i f  Ttvhnulogy C y -  
geirics rcporis (frii /)ti~/i ,~/ri, i /) .  

and set ~ p / n + u . r p i ~ p G ( V . U )  = 0 

+~;(~"I I i~)]+vU/#r = 0 
?u/iV .t u. vu - (h2/4irr2) v[ ?(v In i)' + = 0 

u = r# 

Equations (1 I )  and (12) moy be coiiibined toreed 

[x p:/2nr t ~ ( x , .  . . X,J+ U(XJ + = ih+ 

for $ of (10). by virtue of ( 1  3), (his may be sliown to exuctly 
satisfied if 

)L(x) t (h/itr) V h ( x ) .  VA(x) + (fi/2itti) Gv' A(x) t U(x)/h = 0 4 4 )  

our niaiir result. 

Discussion 

, ,  

'I'o interpret eyn (14). let us write 
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The Use of E l e c t r i c  F i e l d s  i n  t he  Invest igat ion of the  

Structure  of Liquid and So l id  Helium 

ABSTRACT 

Invest igat ions are proposed involving an experimental and t h e o r e t i c a l  

program designed t o  inves t iga t e  various propert ies  of t h e  s t r u c t u r e  of 

helium both i n  i t s  atomic form and i n  the  aggregates o f  t h e  l i q u i d  and 

s o l i d  states. 

l ies  i n  t h e  r e l a t i v e l y  w e a k  e l e c t r i c  f ie lds  e x i s t i n g  i n  l i q u i d  and s o l i d  

helium and t h e  p o s s i b i l i t y  of producing ex te rna l  f ie lds  almost comparable 

w i t h  t h e  i n t e r n a l  fields. 

curve f o r  helium as a function of e l e c t r i c  f i e l d  b )  the d i e l e c t r i c  constant 

of helium as a function of pressure end e l e c t r i c  f i e l d  c )  i n  t h e  fu tu re ,  t he  

effect o f  e l e c t r i c  fields on the A t r a n s i t i o n .  From t h e  results of these 

expe r iwn t s  one would expect t o  be able t o  gather a t  l eas t  corroborative 

The key t o  the  p o s s i b i l i t i e s  of performing t h e  experiments 

It i s  proposed t o  examine a )  the melting pressure 

evidence on a )  t h e  c r y s t a l  s t ruc tu re  o f  s o l i d  helium and evidence on b )  

t h e  effect of Van der Wad in t e rac t ion  on the  e l e c t r i c  p o l a r i z a b i l i t y  of 

helium c )  the p o s s i b i l i t y  of producing helium molecules d)  t he  e f f e c t i v e  

volume avai lable  t o  helium atoms i n  t h e  l i q u i d  and possibly e )  the  e f f e c t  

of p a r t i c l e  i n t e rac t ions  on the  Bose-Einstein condensation. 
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PROPOSED RESEARCH 

1. General: 

The program f o r  which support i s  being requested has as i t s  object  

the  inves t iga t ion  of propert ies  of l i q u i d  and s o l i d  helium which may shed 

l i g h t  on t h e i r  s t ruc ture .  

the  use of la rge  e l e c t r i c  fields, t he  e l e c t r i c a l  p roper t ies  of, the 

The general  approach w i l l  be t o  examine, with 

thermodynamics of,  and t h e  phase t r a n s i t i o n  associated with helium. As 

a s ign i f i can t  consequence w i l l  be information relevant  t o  the  understanding 

of the  s t ruc tu re  of atomic and ( i n  t h e  event of i t s  exis tence)  molecular 

helium. 

11. Liquid-Solid Phase Transit ion 

Much of the understanding t h a t  we have of t he  l iqu id-so l id  t r a n s i t i o n  

i n  helium i s  based on semi-qualitative arguments presented by London . For (1) 

the  purposes of our discussion w e  w i l l  r e s t r i c t  ourselves t o  the  temperature 

region i n  which the  entropy change associated w i t h  t he  l i q u i d  s o l i d  phase 

t r a n s i t i o n  vanishes. Although, a t  l e a s t  i n  t h e  preliminary s tages  of t he  

experiment, t he  temperatures achieved w i l l  be above the  values f o r  which 

there  i s  no entropy change, the assumption w i l l  serve as a fruitful model 

w i t h  which t o  work. Under t h i s  assumption the  pressure required (about 25 

atmospheres) t o  br ing  about the change t o  the s o l i d  phase i s  roughly given 
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where represents  t he  i n t e r n a l  energy and 1/ t h e  s p e c i f i c  volume. The 

d e t a i l s  of the  arguments and the  deviat ions r e s u l t i n g  from quantum and 

k i n e t i c  e f f e c t s  w i l l  not be discussed except i n so fa r  as they relate t o  

t h e  experiment. The melting pressure i s ,  i n  f a c t ,  given by t h e  s lope of 

the  tangent l i n e  common t o  the  i n t e r n a l  energy curves of  t h e  s o l i d  and t h e  

l iqu id .  In  order,  therefore ,  t o  make a predict ion of t h e  value of  t h e  melting 

pressure one requires  the  i n t e r n a l  energy curves of t h e  two phases. London 

and o thers (2)  have made estimates of these  functions based on rough but 

reasonable models f o r  both the  l i q u i d  and the  so l id .  I n  doing t h i s ,  

estimates of t he  p o t e n t i a l  energy of t he  l a t t i c e  and of t h e  l i q u i d  were made 

and yielded results of t he  order of  50 o r  60 cal/mol. Estimating from t h i s ,  

t he  average e l e c t r i c  f i e l d s  i n  the  l i q u i d  o r  s o l i d  one ge ts  f i e l d s  of  the  

order  of 
7 

E = 3  x 10 Volts/cm 

Thus, i f  f i e l d s  between 10 6 and 10 7 Volts/cm can be achieved i n  helium, one 

can ex terna l ly  produce fields of t h e  order  of a reasonable l a rge  f r ac t ion  of 

t h e  i n t e r n a l  f i e lds .  

One m a y  now examine i n  a l i t t l e  d e t a i l  t he  e f f e c t  of t he  e l e c t r i c  f i e l d s  

on the  phase t r ans i t i on :  A st raightforward extension of t he  Clausius-Clapeyron 

Equation gives at constant temperature 
A 

w h e r e c  is t he  del-ivative along t h e  melting point  curve, t h a t  is t h e  rate of 

change of t h e  melting pressure with ex te rna l  f i e l d . A p  is  t h e  change i n  

t he  to ta l  polar iza t ion  of a mole of helium a n d d v t h e  change i n  a molar 

ai? a 

volume of helium i n  t h e  phase t r ans i t i on .  Introducing the  Polar iza t ion  

Vector P =- p' and t he  e l e c t r i c  s u s c e p t i b i l i t y  one has 
V 
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Now, i n  f a c t ,  t h e  molar volume is a function of t he  e l e c t r i c  f i e l d  bu t  

t h i s ,  although important 

nored f o r  t he  present .  

Then 

a €  2 

f o r  some aspects  of t he  experiment, w i l l  be ig- 

J 
which c l e a r l y  vanishes f o r b !  . However, k as can be seen from analyses 

of e l e c t r o s t r i c t i v e  phenomena depends on V and one is  l e f t  w i t h  two poss ib i l i -  

ties. E i the r  hs is t h e  same function of the densi ty  as is  

sumably they both obey the  usual Clausius-Mosotti equation o r  As i s  a 

d i f f e ren t  function of the  density. 

i s  cor rec t  depends on t h e  c rys t a l  s t ruc tu re  of the  s o l i d  

t h a t  i s ,  pre- 

Whether t he  f irst  o r  second proposi t ion 

( 3 )  . For example, 

fo r  any 

wel l  as 

4 
a €  

cubic s t ruc tu re  the  so l id  obeys t h e  Clausius-Mosotti Equation as 

the  l iqu id .  For t h i s  case 

where higher  order terms i n b v  have been neglected 
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which f o r  t he  Clausius-Mosotti Equation 

2 2 C E . E { / - h L t  - VJ ( k L - 1 )  ( t (L+  2) 
',E Y 3 

and i f  

K 2 
6 

f 0 r & ~ 8 1 . 0 6  and f o r  f i e l d s  of the order  of 3 x 10 v/cm,Ap+~20 mm of  mercury. 

Thus one expects an eas i ly  measurable change i n  t h e  melting pressure 

of helium produced by the  external  f i e l d .  

namely t h a t b S  is  not  given by the  Clausius-Mosotti Equation because t h e  

c r y s t a l l i n e  s t ruc tu re  does not possess the  proper symmetry. This should 

then be r e f l ec t ed  i n  a d i f fe ren t  pressure change presumably dis t inguishable  

from t h a t  occurring i n  t he  other case. 

b i l i t y  t o  t h e  question concerning the  nature  of t h e  newly found phase of 

s o l i d  helium(4). It should be e i t h e r  possible  t o  make at l e a s t  l imi t ing  

statements about t he  s t ruc tu re  of the  c r y s t a l s  o r  assuming the  s t ruc tu res ,  

some statement about t he  constancy of t h e  atomic p o l a r i z a b i l i t y  of t h e  helium. 

All of t h e  preceding has deaxwi th  the gross e f f ec t  of changing t h e  

There i s  s t i l l  the  o ther  p o s s i b i l i t y  

There is then here immediate applica- 

i n t e r n a l  energy of the  helium. 

examining t h e  shape of the  in t e rna l  energy curve by examining t h e  e f f e c t  of 

a small known change i n  the  in t e rna l  energy. 

of the  i n t e r n a l  energy minima corresponding t o  t h e  l i q u i d  and s o l i d  phases, 

O f  fur ther  i n t e r e s t  is t h e  p o s s i b i l i t y  o f  

Roughly speaking i n  the  region 

I 
I 
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t h e  i n t e r n a l  energy curve may be represented by a parabola. 

i n  t h e  absence of an ex terna l  f i e l d  

One can write 

and the  values o f t h e  A ' s  and the B's w i l l  be determined by t h e  s i z e s  of  

the  p o t e n t i a l  energy and zero point energy. 

increment, and examining the  change i n  the  s lope of the  common tangent tha t  

i s ,  the  change i n  the pressure,  some idea  of the  values of t he  coe f f i c i en t s  

can be achieved. 

By adding t o  t h e  U's,a known 

"he experiment t o  examine t h i s  e f f e c t  i s  already being prepared. The 

blocked cap i l l a ry  method(*) w i l l  be used t o  determine t h e  melting pressure 

curve. The experiment as designed at  present w i l l  allow a d i r e c t  comparison 

of t h e  f i e l d  f r e e  melting pressure w i t h  t h a t  i n  the  presence of the e l e c t r i c  

f i e l d .  Since t h e  absolute pressure is of much l e s s  s ign i f icance  than the  

change, t h i s  technique w i l l  allow us t o  measure t h e  important e f f e c t  w i t h  

a r e l a t i v e l y  high degree of accuracy. While the percentage change i n  t h e  

pressure w i l l  probably be only of t h e  order  of .l$ the  value of the  change 

d i r e c t l y  measured should s t i l l  be of the  order  of 20 mm of mercury. 

Assuming t h a t ,  i f  necessary, an o i l  manometer can be used, readings of 

accuracy of 1 p a r t  i n  250 should r ead i ly  be made. 

f i e l d  measurements w i l l  be a more ser ious  problem but  it i s  expected t h a t  

at least t h e  gross e f f ec t  ( tha t  ignoring the  shape of the i n t e r n a l  energy 

curve) should be measurable. 

e l l i p t i c i t i e s  i n  the  bore shape have been observed, t he  problem of determin- 

i n g  the fields i n  t he  occurring geometry theo re t i ca l ly  is  not  formidable. 

"he inaccuracies  i n  t h e  

While i n  t h e  i n i t i a l  c a p i l l a r i e s  examined 
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Studies are under w a y  t o  determine the consistency of  bore s i z e  which 

presumably w i l l  be t h e  l imi t ing  factor.  

vided by a f i n e  wire threaded through the cap i l l a ry  and preliminary s tud ie s  

show t h a t  t h e  wire s i z e  w i l l  not vary s u f f i c i e n t l y  t o  cause ser ious  Varia- 

t i o n s  i n  the  e l e c t r i c  f i e ld .  

The e l e c t r i c  f i e l d  w i l l  be pro- 

( 6 )  6 
There have been reported resu l t s  i n  which fields of 10 V/cm have 

been achieved before  breakdown i n  helium. If t h i s  f igure  tu rns  out  i n  

f a c t  t o  be l imi t ing  the  e f f e c t s  w i l l  be smaller but  they w i l l  s t i l l  be 

measurable presumably t o  an accuracy of  a f e w  percent. 

however, t h a t  unpublished resu l t s  by workers a t  Stevens seem t o  ind ica t e  

It should be added, 

(7) 
tha t  a t  l e a s t  i n  narrow channels, considerably higher  fields are a t t a i n a b l e  . 

It is forseen t h a t  i n  the  future more accurate determinations of the  

pressure change may be e s s e n t i a l  for examining some of the  e f f e c t s  thus  

far mentioned. Plans are already under consideration, should t h i s  indeed 

become necessary. 

111. Die lec t r i c  Measurements 

As a counterpart  t o  the  phase change inves t iga t ion  the re  i s  a pro- 

gram planned f o r  inves t iga t ing  t h e  thermodynamics and e l e c t r o s t a t i c s  of 

l i q u i d  helium. 

considerable i n t e r e s t  which may be i l luminated by the  proposed experiments. 

It i s  w e l l  known t h a t  non-polar l i qu ids  presumably have d i e l e c t r i c  constants  

which vary with densi ty  i n  accordance w i t h  t he  Clausius-Mosotti Equation . 
The assumptions t h a t  are made in t h e  der ivat ion a r e :  

"here a re  a number of questions whose answers would be of 

( 3 )  

1) Randomness of angular d i s t r i b u t i o n  of  atoms 

2)  Non po la r i ty  of molecules 

3)  

4 )  

Fie ld  independence of the  p a r t i c l e  p o l a r i z a b i l i t y  

Independence of po la r i zab i l i t y  of p a r t i c l e  in te rac t ion .  
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For helium assumptions 1) and 2) are  almost ce r t a in ly  val id .  The va l id i ty  

of 3) and 4) is  doubtful and depends on de ta i l ed  understanding of the e lec t ron  

configuration i n  t h e  helium. It is f o r  example, not  f'ully understood how 

t h e  Van der Waal in t e rac t ion  e f f ec t s  the atomic p o l a r i z a b i l i t y  of helium. 

Thus, s ince  the in t e rac t ion  between atoms is space dependent a change i n  

densi ty  might e f f e c t  the atomic po la r i zab i l i t y .  

t h e  C l a u s  ius-Mos o t  t i Equat i on 

Thus i n  the expression for 

o( i s  the atomic po la r i zab i l i t y  which, i n  p r inc ip l e ,  w i l l  depend on both 

the density and the  e l e c t r i c  f ie ld .  

I n  the extreme, conceivable case i n  which the helium atoms form e i t h e r  

molecules o r  c lus t e r s  t he  e f fec t  on the  p o l a r i z a b i l i t y  may be measurable. 

The experiment planned is  the  measurement of the d i e l e c t r i c  constant of 

l i q u i d  helium as a function both of pressure and e l e c t r i c  f i e l d .  The e f f e c t s  

t h a t  may be studied may be readi ly  enumerated. 

1) The Clausius-!4osotti Equation may be ver i f ied .  By p l o t t i n g  f o r  

K-I small fields - vs t h e  density an estimate of the constancy of t h e  polar iza-  
&+a 

b i l i t y  with changing V a n  der Waal in te rac t ion  can be made.  

It should be noted t h a t  the atomic e l e c t r i c  p o l a r i z a b i l i t y  of helium 

has been measured over a wide range of dens i t i e s  - it has been subs t an t i a l ly  

constant over t h i s  range. This should not be extrapolated t o  even g rea t e r  

densities as it is i n  the  zegion approaching close packing where d i f fe rences  

might occur. 

2) An increase i n  the  pressure or density results i n  a decrease i n  

the  avai lable  volume t o  an atom of helium and therefore  an increase i n  t h e  

probabi l i ty  of f inding a bound helium molecule if it exists. 
-0- 
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3)  

of e l e c t r i c  f i e l d  by d i e l e c t r i c  constant measurement w i l l  allow a check 

on atomic ca lcu la t ions  on helium. 

f i e l d  increases  the in t e rac t ion  between atoms and f o r  a given densi ty  

should appear as an increased Van der Waal in t e rac t ion .  

Measuring the  po la r i zab i l i t y  of t he  helium atom as a function 

Furthermore, the  increase  i n  e l e c t r i c  

4 )  The 'question of t he  existence of a bound state f o r  t he  helium 
(8)  

molecule is  s t i l l  an open one . Various in t e rac t ion  po ten t i a l s  give 

d i f f e r i n g  predict ions as t o  the  exis tence o r  non-existence, of  t h e  bound 

state. 

energy is  very close t o  zero (10 

the exis tence o r  nonexistence o f  t he  bound s t a t e  can, one would expect,  

produce very profound e f f e c t s  regardless of t h e  s m a l l  value of  t h e  binding 

energy. 

i n  a volume of  t he  order  of the volume pe r  atom, t h e  number of states 

ava i lab le  t o  t h e  atoms of t h e  d issoc ia ted  molecules w i l l  be s m a l l .  Thus 

the  difference between the  existence and non-existence of a bound s t a t e  

may be qu i t e  sharp i n  i t s  e f f ec t  on t h e  l iqu id .  

tha t  t h e  difference between poten t ia l s  pred ic t ing  the  exis tence of a bound 

state and those pred ic t ing  the lack of exis tence of t h e  s t a t e  is  very small, 

it is qu i t e  conceivable that  an increased dipole-dipole in t e rac t ion  due t o  

an appl ied e l e c t r i c  f i e l d  might allow f o r  a bound state tha t  i n  the  absence 

of an ex te rna l  f i e ld  would not exist. 

A t  any rate, there i s  e i t h e r  none o r  one state whose binding 
-6 

e.v.). I n  l i q u i d  helium, however, 

For i f  an atom i n  the  l i q u i d  can be considered t o  be confined 

Now i n  v i e w  of the  f a c t  

In  view of t he  preceding arguments 

a newly appearing bound s t a t e  might then have e f f e c t s  on the  d i e l e c t r i c  

constant as w e l l  as o ther  propert ies  of t he  l i q u i d  helium. Eventually, 

an attempt should be made t o  f ind  an isotropy i n  the  f l u i d  i n  a plane con- 

t a i n i n g  the  d i rec t ion  of the  e l e c t r i c  f i e l d .  
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The experiments t o  measure the e f f e c t  on the  d i e l e c t r i c  constant 

One i s  an extension of  t h e  method t o  w i l l  be performed i n  two ways. 

be used i n  the  l iquid-sol id  t r ans i t i on  measurement i n  which the  electro-  

s t r i c t i v e  pressure is  measured as a function of pressure (densi ty)  and 

f i e l d  strength.  The other  more accurate method w i l l  be t o  measure t h e  

capacitance of a helium f i l l e d  capacitor using a sensit ive frequency 

measuring device. 

I n  conjunction w i t h  t h i s  experimental work the re  is  room and consider- 

able  need f o r  t heo re t i ca l  calculat ions on atomic helium. The t h e o r e t i c a l  

predict ions required are : 

1) The e f f e c t  of a change i n  densi ty  on the  probabi l i ty  of 

molecular helium dissociation. 

The e f f e c t  of the  Van der Waal forces on helium po la r i zab i l i t y .  

The e f f e c t  of molecular s t ruc tu re  on po la r i zab i l i t y .  

The e f f e c t  of the increased in te rac t ion  due t o  fields on the  

the  existence o r  non-existence of bound s t a t e s  of the helium 

molecule. 

The probabi l i ty  of the formation of large c lus t e r s  o r  chains 

2) 

3)  

4 )  

5 )  
of helium atoms (9). 

I V .  The Superfluid Phase Transit ion 

There has been a t  Stevens work on the  e f f e c t  of e l e c t r i c  f i e l d s  

While t h i s  work on helium flow near and below the  lambda temperature. 

continues, another experiment i s  being planned here involving the  measure- 

ment of heat  conduction near  t h e  t ranSi t ion  temperature. 

posi t ion and value of t he  point depends on the in t e rac t ion  between t h e  

par t ic les .  As an argument t o  make t h i s  plausible  one can poin t  out t h a t  

Presumably the  

-10- 



lacking any in t e rac t ion  between p a r t i c l e s  a predicted phase t r a n s i t i o n  

( the  Bose-Einstein condensation) would take place at a temperature above 

3 r a t h e r  than the  observed 2.2 . Thus, i f  by imposing an e l e c t r i c  f i e l d ,  

t he  e f f e c t i v e  in t e rac t ion  between the at- can be altered, one might expect 

a change i n  the X point temperature. 

0 0 

Plans  are at present t o  examine t h i s  by inves t iga t ing  heat  induction 

through channels of varying s i ze .  

cap i l l a ry  containing a f i n e  w i r e  t o  produce the  f i e ld .  

of t h e  two hea t  can be supplied at  a temperature jus t  below t h e  X point  

at  such a rate t h a t  t h e  conduction through t h e  helium i n  the  c a p i l l a r y  

j u s t  equals t h e  input. 

t he  point  should reflect  i tself  i n  a change i n  the  conduction and a re- 

Two chambers m a y  be connected by a 

To t h e  smaller 

Then, i f  the e l e c t r i c  f i e l d  i s  applied,  a s h i f t  i n  

s u l t i n g  temperature change. 

V. Hydrodynamic Aspects 

I n  the  less immediate future are planneb experiments which deal 

with t h e  flow of superf luid helium. S ta t ed  b r i e f l y  they include motion 

of s m a l l  material ob jec ts  through supe r f lu id  helium, low speed ro t a t ion  

o f  l iqu id  helium and s c a t t e r i n g  of sound by inhomogeneities i n  l i q u i d  

helium (such as H e  atoms). 
3 
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